, where bpy is 2,2 0 -bipyridine, NA is nicotinamide are reported. These were designed as potential photoactivated antibacterial agents. Their dynamic behavior in solution was explored using NMR to probe the presence of atropisomers. The data show that the NA ligand in the bis-NA complex 3 rotates freely at 298 K on the NMR timescale; however, NA rotation in the mono-Cl and mono-I complexes 1 and 2 is hindered at the same temperature. DFT calculations suggested that this hindered rotation is due to hydrogen bonding between the NA protons closest to the nitrogen of the pyridine ring and the halide ligand. Interestingly Cl hinders rotation more than I, which corresponds to hydrogen bonding ability. Such dynamic behavior may influence the recognition of polypyridyl ruthenium drugs by biological targets.
Introduction
Administered drugs have to pass through many organs and cells before they reach their target sites, being exposed to different cell components and enzymes that can deactivate them [1] . In some cases, before a drug can interact with a biomolecule it needs to undergo a chemical reaction, i.e. it is a 'pro-drug'. For example, the anticancer agent cisplatin hydrolyses to provide binding sites for biomolecules such as DNA [2] . Thus to optimise the pharmacological activity of metal-based agents, it is important to understand their behavior in solution.
The most common targets for drugs are either proteins (e.g. enzymes, receptors) or nucleic acids (e.g. DNA), and a drug can bind to such targets either by a direct reaction and thus covalent (or coordinative in the case of metals) bonding, or weak interactions involving intermolecular bonds (e.g. hydrogen bonding, hydrophobic interactions) [3] . It is well known that cisplatin binds to DNA, and its binding properties have been extensively studied [4] . Octahedral Ru(II) complexes, such as [Ru(azpy) 2 Cl 2 ], where azpy is 2-(phenylazo)pyridine, have been shown to be cytotoxic to breast cancer cell lines [5] . Since DNA is an important target, the addition of benzimidazole ligands (to simulate the binding of nucleic acids) to form cis-[Ru(azpy) 2 
, where MeBim is methylybenzimidazole, was investigated and the rotation behavior of MeBim was explored [6] . A similar analysis was also carried out for cis-[Ru(bpy) 2 , concluding that more sterically-demanding ligands rotate more slowly [7] . Atropisomers occur in compounds in which rotation about a single bond is hindered. Is it an important area of drug design, as different atropisomers can have different binding affinities towards targets and thus exhibit different activities [8] [9] [10] [11] . This paper is focussed on two Ru(II) polypyridyl mono-halido complexes, cis-[Ru(bpy) 2 (NA)X] + , and the bis-substitued Ru(II) poly-
2+ , where bpy is 2,2 0 -bipyridine, NA is nicotinamide and X is Cl or I (Fig. 1) . These nicotamide complexes are potential photoactivatable antibacterial agents which might act as delivery vehicles for the organic antibacterial ligand nicotamide as well as reactive Ru(II) polypyridyl fragments. Here we report their synthesis and characterization as well as their dynamic behavior in solution investigated by NMR spectroscopy and DFT calculations. In the case of complexes 1 and 2, the rotation of NA was hindered on the NMR timescale at ambient temperature, a behavior that was surprisingly not observed for complex 3. The hindered rotation was explored by computational methods (DFT) which revealed that hydrogen bonding between the halide ligand and protons of the NA ligand cause the hindered rotation. 
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Experimental

Materials
Nicotinamide (NA) and NH 4 PF 6 were purchased from Sigma-Aldrich and used without further purification. The cis-[Ru (bpy) 2 (X) 2 ] starting materials, X = Cl or I, were synthesised as described previously [12, 13] . To obtain accurate coalescence temperatures (T c ) for 1 and 2, the intervals were lowered to 2 K around the coalescence point. All data processing was carried out using Bruker Topspin 2.1. By using Eq. (1) the rate constant for exchange at coalescence (k c ) between states of an unequally populated two-site system can be found, where X is a value taken from tabulated values for various population (P) differences (DP = (P 1 À P 2 )) and D v is the difference in resonance frequency of the exchanging protons [14] [15] [16] . The free energy of activation (vDG -c ) was calculated using Eq. (2), where a is a constant with a value of 1.914 Â 10 À2 kJ mol À1 [14] . NOESY spectra were obtained at 185 K using a mixing time of 0.8 s. 
Solvent effect on dynamic behavior studied by 1 H NMR
The effect of solvent on the dynamic behavior of Ru(II) polypyridyl complexes 1 and 2 was studied by recording 400 MHz 1 H NMR spectra at 298 K in acetone-d 6 and DMSO-d 6 on a Bruker DPX-400 spectrometer using 5 o.d. NMR tubes. The concentration of each sample was 2.5 mg in 600 lL of deuterated solvent (c.a. 6 mM).
Dynamic behavior studied by DFT
DFT geometry optimisations for complexes 1-3 were performed using Gaussian 03 in the gas phase [17] . Becke's three-parameter hybrid functional [18] with Lee-Yang-Parr's gradient-corrected correlation functional (B3LYP) [19] was used. The LanL2DZ basis set [20] and effective core potential were used for the ruthenium atom, and the split valence 3-21G basis set [21] was used for all other atoms. The nature of all stationary points was confirmed by normal mode analysis. A relaxed potential energy surface scan was performed using the B3LYP/LanL2DZ/3-21G optimised geometry to find a potential transition state using the same functional/basis set. The dihedral angle between the monodentate ligand (L) and the ruthenium atom was adjusted in intervals of 20°t o simulate the rotation of nicotinamide (NA) in complexes [Ru (bpy) 2 (NA)X] + , where X is Cl or I. Geometry optimisation of the transition states was performed using B3LYP/LanL2DZ/3-21G as above. All B3LYP/LanL2DZ/3-21G geometries were then re-optimised using B3LPY/LanL2DZ/6-31G ⁄⁄ + and PB1PBE [22] /LanL2DZ/6-31G ⁄⁄ +; the LanL2DZ basis set and effective core potential was used for the ruthenium and halide, and the split valence 6-31G ⁄⁄ + basis set [23] used for all other atoms. The DFT free energy of activation (DG -DFT ), i.e. energy of the rotational barrier, was calculated by taking the difference between total energy of the starting geometry (E S ) and total energy of the transition state (E T ), see Eq. (3). 
Results and discussion
Synthesis and characterization
The monocationic Ru(II) polypyridyl halido complexes, cis-[Ru (bpy) 2 Fig. 2a . An interesting feature at ca. 9-9.5 ppm for complexes 1 and 2 is a broad peak that can be attributed to protons H 9 and H 10 on the monodentate NA that are in close proximity to the nitrogen of the pyridine ring. Both protons appear to be involved in an exchange processes at 298 K, attributed to the lack of COSY and NOE cross peaks in 1 H-1 H spectra of 1 at 298 K, see Fig. S1 . This rate (on the NMR timescale) of conformational exchange can be attributed to the hindered rotation of the NA ligand.
The dicationic bis-substituted Ru(II) polypyridyl complex, cis-[Ru(bpy) 2 
Variable temperature
1 H NMR spectroscopy was used to investigate the exchange behavior in complexes 1 and 2. For complex 1, heating the sample to 323 K, the broad peaks at 9-9.5 ppm were defined enough to show two broad peaks, see Fig. 3a and b. Interestingly for 2 the broad peaks at 9-9.5 ppm were relatively sharper and more defined upon heating at 323 K. When the samples of 1 and 2 were cooled to 185 K, two atropisomers were detected (denoted as Conf. 1 and Conf. 2, Fig. 3c ). Again the atropisomers were assigned by investigating the NOE interaction between H 10 /H 9 with H 1 /H 8 (Fig. 3d) For the bis-NA complex 3, the resonances of the NA ligand protons did not shift with increasing temperature (up to 323 K). However upon lowering the temperature to 185 K, a complex spectrum was obtained owing to the presence of 3 atropisomers (denoted A, B and C, Fig. 4a and b) . At such low temperatures the NA ligand is held in one place (on the NMR timescale) for each atropisomer, and its orientation can be described by assigning H 10 as the ''head group", or H, and H 9 as the ''tail", or T. The atropisomers were assigned by analysing the NOE interactions between H 10 /H 9 with H 1 /H 8 (Fig. 4c) . For atropisomers A and B, there was only one environment for each H 10 and H 9 , thus there was one peak for each. For atropisomer A, H 10 showed an NOE interaction with H 1 and H 8 , and H 9 showed an NOE interaction with H 1 . For atropisomer B, H 9 showed an NOE interaction with H 1 and H 8 , and H 10 showed an NOE interaction with H 1 . In the case of atropisomer C, there are two environments for H 10 and two for H 9 , thus four peaks are observed for these protons. The ratios and chemical shifts of selected peaks for each atropisomer are given in Table S2 . The chemical shift difference between H 10 and H 9 did not change significantly between each atropisomer ($0.2 ppm). Whether H 10 or H 9 is shifted downfield is dependent on the orientation of the NA ligand. Atropisomer C is the most stable in solution, whereas atropisomer B is the least stable. These results suggested that the rotation of the monodentate ligands (NA) in complex 3 around the Ru-N axis was fast on the NMR timescale at 298 K and 323 K. However once the solution was cooled to 185 K, the NA ligands rotated much more slowly on the NMR timescale allowing atropisomers to be detected. 
Dynamic behavior studied by DFT
DFT was used to investigate whether an intramolecular interaction is the cause for the hindered rotation of the NA ligand at 298 K for 1 and 2. A potential energy scan was performed to investigate the starting geometries and transition states by changing the dihedral angle between the halide and H 9 , shown in Fig. 6 . The lowest energy geometries were found to be Conf. 1 and Conf. 2. The conformation with the lowest energy was Conf. 1. There were two transition states, labelled transition state 1 (TS1) and transition state 2 (TS2), with TS2 having the highest energy. Geometry optimisations were performed to provide accurate energies of the conformations using two different functionals; B3LYP and PBE0. The DFT free energy of activation (DG -DFT ) was calculated as described in the Experimental Section 2, see Table 2 . Generally the free energies of activation associated with 1 are greater than those for 2. From exploring the ground state configurations and transition states, the main geometrical differences between 1 and 2 occur between the ground state configurations. Thus from here onwards only Conf. 1 and Conf. 2 will be discussed. The bond distance between H 10 /H 9 and the halide X was investigated (HÁ Á ÁX), see Table 3 . Both PBE0 and B3LYP functionals showed that Conf. 1 had a shorter H 9 /H 10 ÁÁÁX distance than Conf. 2 by $0.1 Å for both 1 and 2. Additionally, both atropisomers of 1 had shorter H 9 /H 10 Á Á ÁX bond distances than both atropisomers of 2. This is evident when visualising Conf. 1 of both 1 and 2 as the NA ligand appears to orientate itself closer to the halide for 1, see Fig. 7 . The DFT results correlate well with the experimental results, with the PBE0 functional performing the best. PBE0 has been shown to predict hydrogen bond energies well [24] , however both functional showed that the free energy of activation was greater for 1 when compared to 2. This can be attributed to the greater acceptor ability of Cl when compared to I; thus for 1 the rotation of the NA ligand was more hindered. This was further supported by the fact that the NA ligand orientates itself closer to the halide in 1, as shown by the DFT geometry.
Conclusion
Two nicotinamide Ru(II) polypyridyl halide complexes, cis-[Ru (bpy) 2 (3) were synthesised and characterized. The dynamic behavior of their atropisomers was demonstrated by temperature-dependent 1 H NMR spectroscopy which revealed hindered rotation of NA in the chlorido complex 1 and iodido complex 2 at ambient temperature. Interestingly the chlorido ligand hindered rotation more than the iodido, consistent with the heightened capability of the chlorido complex for hydrogen bonding interactions. However, NA in complex 3 rotated freely on the NMR timescale at 298 K. The hindered rotation was also explored by DFT calculations which suggested that this phenomenon was due to hydrogen bonding between the NA protons closest to the nitrogen of the pyridine ring and the halide. These complexes may be useful for the photoactivated delivery of the antibacterial agent nicotinamide, as part of a possible strategy to combat antimicrobial resistance, and dynamic processes within the complexes may have an influence on target recognition (e.g. membrane proteins).
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